Objectives:The formation of vascular neointima is mainly related to impairment of the vascular endothelial barrier and abnormal proliferation and migration of smooth muscle cells. The objective of this study was to investigate whether miR-29a exerts any promoting effect on the vascular neointimal hyperplasia and if so, its mechanism. Conclusions:These findings provide a new molecular mechanism of TXL in decreasing neointima hyperplasia.
feedback loop is a significant aspect of the platelet-derived growth factor-BB proliferative response in VSMCs. 6 The human miR-29 family of miRNAs has three mature members: miR-29a, miR-29b and miR-29c. Boon et al. 9 reported that the miR-29 family members were up-regulated in the aorta in aged mice and mouse models of aortic aneurysms as well as in biopsies of human thoracic aneurysms. Upregulation of miR-29 has been reported to play an important role in suppressing elastin and other extracellular matrix genes during aortic development in the mouse.
Tongxinluo (TXL) was registered in the State Food and Drug
Administration of China for treatment of angina pectoris in 1996.
Previous study showed that TXL enhances stability of vulnerable plaques and reduces plaque area by lowering expression of oxidized low-density lipoprotein (ox-LDL) receptor. 10 We found that TXL exerts a protective effect on carotid ligation-induced vascular inflammation and remodelling by regulating miR-155 expression. 4 TXL improved endothelial function after chronic hypoxia by promoting endothelial cell proliferation and increasing the phosphorylation of the transcription factor KLF4, expression of KLF5, reversing its effect on tight junction protein expression. 11, 12 In this study, we used the carotid artery ligation model and balloon injury model to investigate whether and how TXL exerts a protective effect on carotid ligation-induced vascular proliferation and remodelling by regulating miR-29a expression.
| MATERIALSANDMETHODS

| Animalmodels
All animals were housed and handled according to the guidelines of the local Animal Care and Use Committee at Hebei Medical University.
Eight-to 10-week-old male C57BL/6 mice were anaesthetized with 1.5% isoflurane. To reproducibly induce vascular remodelling, we performed femoral artery wire injury. Briefly, we carefully separated the left femoral artery and the accompanying femoral nerve under anaesthesia. A small branch of the femoral artery was isolated under the muscles. The femoral artery and the small branch were looped with 6-0 silk sutures to temporarily stop blood flow during the procedure.
A spring wire (0.38 mm diameter; Cook Inc., Bloomington, IN, USA) was inserted into the femoral artery more than 5 mm and moved in and out twice. The wire was then removed, and blood flow in the femoral artery and branch was restored by releasing the sutures, and the skin incision was closed with a 5-0 silk suture. For the miR-29a-overexpression model, femoral artery wire injury was performed as described above. Immediately after injury, the femoral artery was cannulated, and the biclamped segment was incubated with 20 μL of adenovirus (1.5 × 10 9 PFU/mL) encoding miR-29a (n=6) or GFP (n=4) for 15 minutes. After 14 days, all animals were anaesthetized and perfused with cold 0.9% NaCl, and the femoral arteries were harvested for analysis of haematoxylin eosin.
13
Male Sprague-Dawley rats were anaesthetized with 1.5% isoflurane. Balloon injury model was performed. In brief, the catheter was advanced from the left common carotid artery down to the level of the renal arteries three times with a 2F (60 cm) Fogarty cathe- 
| Morphologyanalysis
At 14 days after balloon injury or femoral artery wire injury, six crosssections from the middle of each abdominal artery were stained with haematoxylin/eosin. The neointima and medial areas were calculated using the Image-Pro Plus Analyzer version 5.1 software (Media Cybernetics, Inc., Silver Spring, MD, USA) in a blind manner. For each section, six random, non-contiguous microscopic fields were exam-
ined. An algorithm computed the mean thickness (in micrometres) of the intima (I) and media (M) in each field, from which the I/M thickness ratio was derived. To compute the mean thickness values (intima, media and I/M) of an artery, all of the measurements performed on the three sections of the artery were averaged. The data are expressed as mean ± SD. 
| Immunostaining
Immunohistochemical staining was visualized by use of a diaminobenzidine kit (Zhongshan Goldenbridge Biotechnology, Beijing, China)
according to the manufacturer's instructions. For antigen retrieval, deparaffinized formalin-fixed sections were boiled for 10 minutes in 10 mmol/L sodium citrate (pH 6). Primary antibody (proliferating cell nuclear antigen (PCNA) at 1:100 dilution) was incubated overnight at 4°C in 1% normal goat serum in phosphate-buffered saline.
Immunofluorescence staining was performed with 4 μm paraffin cross-sections from the thoracic aorta. After deparaffinized with xylene and rehydrated, the slides were pre-incubated with 10% normal goat serum and then incubated with primary antibodies anti-SM α-actin and anti-PCNA. Secondary antibodies were fluorescein-labelled antibody to rabbit IgG (021516; KPL, USA) and rhodamine-labelled antibody to mouse IgG (031806; KPL, USA). In each experiment, 4′,6-diamidino-2-phenylindole (DAPI) (157574; MP Biomedical, Japan) was used for nuclear counterstaining. Images were captured by confocal microscopy (SP8; Leica, Germany) and processed by LAS AF software.
| Cellcultureandtreatment
Human aortic smooth muscle cells (HASMCs) (No. 6110; ScienCell, USA) were grown in smooth muscle cell medium (No. 1101; ScienCell, USA) and 2% foetal bovine serum. were measured in the LB 955 Luminometer system using the dual luciferase reporter system (Promega). The activity of firefly luciferase was normalized to that of Renilla luciferase. A minimum of three independent transfections was performed for each experimental group. 
| Westernblotanalysis
The cells were lysed with 150 mmol/L NaCl, 50 mmol/L Tris-HCl (pH 
| ComponentsandpreparationofTXL
| FingerprintchromatographyofTXLcapsule
To reduce the dose variability of TXL capsule among different batches, the species, origin, harvest time, medicinal parts and concocted methods for each component were strictly standardized. Moreover, high-performance liquid chromatography, highperformance capillary electrophoresis and chromatography were applied to quantify the components of the capsule. To assess the dosing reproducibility of TXL capsule, high-performance liquid chromatography was applied to record fingerprint chromatograms of the aqueous extracts. 
| CCK8assay
HASMCs were plated in 96-well plates and cultured in DMEM medium. Cell Counting Kit-8 (CCK8) was used to evaluate the cell activity. In general, 10 μL CCK8 solution was added to each plate and cells were incubated for 2 hours in 37°C. The cell viability was revealed by the absorbance which was measured at 450 nm.
| Statisticalanalysis
Data are presented as bar graphs (means ± SD) of at least three independent experiments. Statistical analyses were performed using Wilcoxon (two samples) or Kruskal-Wallis H test (multiple samples).
The results were considered statistically significant at P<.05.
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3 | RESULTS
| miR-29aisup-regulatedinvasculartissue hyperplasia
VSMC proliferation is a major adaptive mechanism of cardiovascular diseases including hypertension and restenosis. 18 To assess which miRNAs are participated in VSMC proliferation, we used miRNA microarray analysis to determine the profile of miRNAs expressed in hyperplasic tissues after 7 days of balloon injury compared with the control group. The results showed that a number of miRNAs were markedly affected after balloon injury ( Figure 1A ). Among them, 120 miRNAs were up-regulated, and 83 miRNAs were down-regulated.
Among them, miR-29a was significantly increased. So we focus on miR-29a. Further experiments found that miR-29a levels in hyperplasic tissues were increased 12.36-fold after 7 days of balloon injury compared with the control group, but restored the normal level after As shown in Figure 1C ,D, neointima hyperplasia was abundant after balloon injury, with a significantly higher I/M ratio in pAd-miR-29a
animals vs pAd controls (1.53-fold) ( Figure 1C ). Accordingly, a trend towards lower neointima formation was found in anti-miR-29a animals vs the anti-con control group ( Figure 1D ). Meantime, miR-29a expression was determined by real-time PCR ( Figure 1C , lower panel; Figure 1D , lower panel) at the same time, which represented the level of gain-of-function and loss-of-function in vivo. Consistent with these results, miR-29a expression was also significantly induced by wire-induced injury ( Figure 1E ). Further study found that miR-29a overexpression markedly increased neointima hyperplasia caused by wire-induced injury compared with pAd-transfected vessels ( Figure 1F ).
To further clarify the role of miR-29a in HASMCs, we generated transgenic mice in which murine miR-29a (miR-29a
was controlled by an SM α-actin (Acta2) promoter, along with humanized Renilla green fluorescent protein (hrGFP) and the simian virus 40 (SV40) poly (A) site. This promoter was used to drive miR-29a expression in HASMCs ( Figure 1G ). First, miR-29a expression was examined by real-time PCR using RNA isolated from the aortas of transgenic animals. Figure 1H illustrates miR-29a overexpression in both transgenic lines (F1 and F2) compared with non-transgenic (WT) siblings.
After femoral arteries were wire injured for 10 days, injured vessels from miR-29a +/+ mice displayed a larger neointima ( Figure 1I ). PCNA staining showed that PCNA expression was significantly increased in miR-29a +/+ trangenetic mice group and further identified that miR-29a overexpression increased the neointima formation in vivo ( Figure 1J ).
In conclusion, these results suggest that miR-29a has a significant effect on VSMC growth in vivo.
| miR-29apromotesVSMCproliferationinvitro
To further detect the effects of miR-29a in vitro, HASMCs was cultured and transfected with miR-29a mimics or anti-miR-29a, respectively. As shown in Figure 2A , miR-29a overexpression markedly increased HASMC proliferation in a time-dependent manner. In contrast, anti-miR-29a decreased HASMC proliferation. Further study found that miR-29a overexpression increased the expression of PCNA ( Figure 2B ) and improved cell activity ( Figure 2C ) of HASMCs.
Accordingly, inhibition of miR-29a decreased the expression of PCNA ( Figure 2B ) of HASMCs, which suggest that miR-29a up-regulated VSMC growth in vitro. Wound-healing assay further found that miR29a overexpression promoted the migration of HASMCs both in 12 hours ( Figure 2D ) and in 24 hours ( Figure 2E ).
| miR-29apositivelyregulatesCyclin D1expression
Cyclin D1 is an important regulator of cell cycle. 19 Next, we detected whether miR-29a participated in HASMC proliferation was related to the expression of Cyclin D1. We found that overexpression of miR29a markedly increased the expression of Cyclin D1 using Western blot ( Figure 3A These results suggest Cyclin D1 is one of the effectors of miR-29a.
| KLF5isanimportantpositivetranscriptional factorregulatingCyclinD1
We have found that the promoter of the Cyclin D1 has a KLF5-binding site. So we presumed that KLF5 could regulate the expression of Cyclin D1. As shown in Figure 4A , KLF5 overexpression induced ( Figure 4E ). Using VSMC-specific KLF5 KO mice, we further found that the miR-29a overexpression exhibited significantly thicker carotid arterial walls, higher I/M ratios and intima areas when compared with the ligated group. Knockdown the expression of KLF5 offset its effect ( Figure 4F ). All these results suggest that miR-29a regulated the expression of Cyclin D1 by KLF5.
| YY1isatargetofmiR-29a
To explore the molecular mechanism responsible for miR-29a-promoted HASMCs proliferation, we used a computational approach (http://www.targetscan.org/) to predict potential miR-29a targets and used the STRING algorithm (http://string-db.org/)
to create a network of proteins that have functional or physical interactions. We found that a large cluster of proteins affected Cyclin D1 expression. 20, 21 From this subset of proteins, we identified one target of miR-29a, YY1. Because YY1 is known to mediate Cyclin D1 inhibition and is a predicted target of miR-29a, we first determined whether miR-29a affected YY1 expression. To do this, NIH3T3 cells were transfected with miR-29a mimics along with a luciferase reporter fused to the 3′UTR of YY1. As shown in Figure 5A , reporter activity in the cells transfected with miR-29a mimics was significantly decreased compared with those treated with control mimics. Accordingly, anti-miR-29a transfection increased YY1 reporter activity ( Figure 5A ). To confirm the selectivity of miR-29a
for YY1, four nucleotides were deleted from the miR-29a seed sequence in the YY1 3′UTR. As expected, no change in reporter 
| TXLinhibitsHASMCproliferationby decreasingtheexpressionofmiR-29a
TXL is a traditional Chinese medicine and had pleiotropic effects, including improvement of endothelial cell function and reduction of lipid levels and enhancement of angiogenesis. 12 Next, we further study the mechanism of TXL on HASMC proliferation. As shown in Figure 6A , carotid arterial wall thickness was significantly decreased in TXL-treated Importantly, TXL treatment significantly suppressed the expression of miR-29a induced by carotid ligation ( Figure 6C ).
To further investigate the molecular mechanism by which TXL inhibited HASMC proliferation, HASMCs were transfected with miR29a mimics and found that TXL inhibited the expression of miR-29a
( Figure 6D ), PCNA ( Figure 6E ) and activity of HASMCs ( Figure 6F) induced by miR-29a overexpression. Wound-healing assay further found that TXL neutralized the effect of miR-29a overexpression on promoting the migration of HASMCs both in 12 hours ( Figure 6G) and in 24 hours ( Figure 6H ). Western blotting further showed that Cyclin D1 expression was increased by 2.5-fold after miR-29a overexpression, whereas TXL treatment suppressed the expression of Cyclin D1 induced by miR-29a overexpression ( Figure 6I ). This result indicates that miR-29a is implicated in neointima formation 
| DISCUSSION
The formation of neointima is mainly related to the impairment of vascular endothelial barrier, the abnormal proliferation and migration of smooth muscle cells. miRNA-29a is a member of the miRNA-29 family, which expresses in almost all the cells. miRNA-29a is involved in a variety of biological processes, such as tumorigenesis, cytokines secretion and inflammation. 22, 23 In cardiovascular system, miRNA-29a is not only involved in cardiac fibroblasts 24 but also closely related to the formation of atherosclerosis. Talasila et al. found that myocardin could regulate vascular injury by miR-29a. 25 However, the mechanism of miRNA-29a in proliferation of VSMC and neointima hyperplasia is still unclear. Only recent study found that miR-29a could regulate VSMC differentiation from embryonic stem cells. 26 In this study, we found that miR-29a was up-regulated in the injured arteries and that neointima hyperplasia was strongly induced in miR-29a +/+ mice compared with miR-29a wt mice, suggesting that overexpression of miR-29a promoted neointima hyperplasia induced by wire-injured model. These findings indicated an important role of miR-29a in mediating neointima formation. Then, we further defined whether inhibitory effect of TXL on neointima formation is related to its regulation of miR-29a expression. We found that TXL treatment significantly suppressed the expression of miR-29a
induced by carotid ligation.
KLF5, as an important transcriptional factor, regulated the expression of many cell cycle-related genes, such as p21, Cyclin D1.
KLF5-mediated vascular proliferation plays a critical role in the initiation and progression of cardiovascular diseases, such as hypertension. [27] [28] [29] We previously found that RARα forms a complex with histone deacetylase 2 (HDAC2) and KLF5 at the p21 promoter to inhibit its expression. 29 Hofmann et al. 30 found that the increased expression of KLF5 may activate p-Survivin expression and play an important role in the pathogenesis of pulmonary hypertension in nitrofen-induced congenital diaphragmatic hernia. Furthermore, Ang II could down-regulate TMEM16A expression and disrupt positive feedback loop via a KLF5-myocardin-SRF pathway, subsequently leading to cell proliferation and vascular remodelling. 13 We also found that KLF5 is one of positive regulator of Cyclin D1, thereby promote the proliferation of VSMCs. 31 Interestingly, YY1 is known to mediate Cyclin D1 inhibition 21 and is a predicted target of miR-29a, suggesting that miR-29a can negatively regulate YY1 expression, and relieves the inhibitory effect of YY1 on Cyclin D1. 
